We use seven-core Yb-doped large-mode-area (LMA) photonic crystal fiber (PCF) to demonstrate phase-locked amplification of 0:7 W, 1 MHz, 1:9 ps laser pulses delivered by an LMA-PCF-laser-LMA-PCF-preamplifier system. Compression of the 24 W output of the multicore LMA-PCF amplifier with a grating compressor yields 110 fs pulses with a peak power up to 150 MW.
Large-mode-area (LMA) photonic crystal fibers (PCFs) [1, 2] open new horizons in fiber-laser technology. Fibers of this type help suppress unwanted nonlinear-optical effects in the regime of high laser energies, thus enabling the creation of high-power fiber lasers and amplifiers with a superb output beam quality [3, 4] . Multiple-core LMA PCFs have been recently shown [5] to offer an attractive platform for a further increase in the output power of the fiberlaser systems. Properly designed multicore PCFs can provide a larger mode area compared to single-core PCFs and reduced heat-and stress-induced beam distortions at high power levels. However, high beam quality of a multicore PCF output can be achieved only when the individual core outputs are phase locked [5] [6] [7] [8] [9] . Such phase locking can be achieved through the use of a Talbot cavity [5] , structured mirrors [6] , or spatial filtering [8] . In the regime of strong evanescent-field coupling of the fiber cores, in-phase supermode selection, as first demonstrated by Cheo et al. [7] , can also occur spontaneously above a certain level of pump powers. Michaille et al. [8] have recently employed a six-core PCF to demonstrate the generation of 26 ns laser pulses with energies up to 2:2 mJ and a mode field area of 4200 μm 2 in the Q-switching regime. In this Letter, we report on a fiber-laser-amplifier system with an Yb-doped LMA-PCF laser, an LMA-PCF preamplifier, and a seven-core PCF amplifier, operating in the regime of nonlinear amplification, where amplification in a normally dispersive fiber is accompanied by self-phase modulation [10] [11] [12] , yielding a high-power fiber output compressible to ultrashort pulse widths. We use this fiber system to demonstrate self-phase-locked amplification of 0:7 W, 1 MHz, 1:9 ps laser pulses in the seven-core Ybdoped PCF amplifier. Compression of the 24 W output of this amplifier with a grating compressor is shown to yield 110 fs pulses with a peak power up to 150 MW.
In the experiments, we used a double-clad Yb-doped seven-core PCF (Fig. 1 ) manufactured by Crystal Fibre A/S. The inner microstructure cladding has a diameter of 650 μm, an NA of 0.55 at 950 nm, a pitch of 10 μm, and an air hole size of 2 μm. The total mode area provided by the seven cores of the PCF is about 5000 μm 2 . The cladding holes were collapsed on both ends of the fiber. Backreflection from the fiber ends was eliminated by polishing the fiber ends at 8°. The PCF segment used in the experiments was approximately 1 m long and was kept straight to avoid effects related to bending losses.
The experimental setup is shown in Fig. 2 . For the master oscillator [13] , we employ a 1:5 m piece of commercially available (Crystal Fibre A/S, Denmark) Yb-doped single-polarization double-clad LMA PCF with a core diameter of 29 μm. In the mode-locking regime, the PCF oscillator delivers 600 fs light pulses with a central wavelength of 1040 nm and an average power up to 400 mW at a repetition rate of 50 MHz. After an isolator, the laser pulses are launched into an acousto-optic (AO) cell, which reduces the repetition rate down to 1 MHz. The average power of laser radiation behind the AO cell is 2 mW. For the preamplifier, we employ a 3:5 m piece of an Yb-doped LMA PCF, which is identical to the fiber used in the oscillator. Preamplified pulses with an average power of 700 mW pass through an isolator and enter a seven-core LMA PCF of the main amplifier (Fig. 2) . The multicore PCF is end pumped by a fiber-coupled (400 μm diameter, NA ¼ 0:22) laser diode operating at 976 nm. A scheme with a counterpropagating pump was chosen in order to minimize the influence of nonlinear-optical effects. The output of the multicore PCF was compressed 
A long scan-range autocorrelator (APE PulseCheck) and a high-resolution spectrometer (Ando 6315A) were used for temporal and spectral characterization of the fiberlaser output. A telescope was used to image the laser beam on a beam analyzer for near-and far-field measurements.
Because the in-phase supermode of our multicore fiber amplifier has the lowest small-signal gain among all the supermodes supported by the seven-core PCF [14] at low pump powers, the output of our multicore PCF amplifier features a complex beam profile [ Figs. 3(a) and 3(b) ], resulting from a superposition of several supermodes. In this regime, small variations in seed-beam incoupling geometry can translate, through the competition of supermodes, into dramatic changes in the output beam profile. The coexistence of several supermodes in the amplifier output is manifested in a well-resolved multispike structure of the output pulse [ Fig. 4(a) ] and modulation of the output spectrum [ Fig. 4(b) ].
An increase in the pump power in the multicore PCF amplifier tends to improve the beam quality and stabilize the output beam profile. In our experiments, for pump powers above 25 W, the PCF amplifier output featured a flat, nearly uniform distribution of radiation intensity over the seven fiber cores [ Fig. 3(c) ], translating into a smooth Gaussian-like profile in the far field [ Fig. 3(d) ]. The M 2 factor for the multicore PCF amplifier output in this regime was found to be about 1.3. Such an output beam profile remained stable over hours, showing an excellent reproducibility over many on-off cycles. Because of its flat transverse intensity profile, the in-phase supermode has the highest saturation threshold. Gain saturation thus facilitates transformation of a Gaussian input beam into a uniform, flat intensity profile at the output end of the multicore PCF amplifier [15] [16] [17] . The in-phase supermode operation of this amplifier is stabilized by the nonlinearity of the refractive index and the thermal effect, which tend to lower the symmetry of the fiber structure [18] .
In the time domain, the dominance of the in-phase supermode in the amplifier output leads to a suppression of satellite spikes corresponding to out-of-phase supermodes, giving rise to an isolated light pulse with a clean envelope [ Fig. 4(c) ]. Simultaneously, modulation of the output spectrum is suppressed [ Fig. 4(d) ]. The width of the autocorrelation trace of the compressed PCF amplifier output [ Fig. 4(c) ] is 175 fs, which corresponds to a pulse duration of about 110 fs (for a sech 2 pulse shape). The time-bandwidth product for the compressed PCF amplifier output is 2.9 times larger than the theoretical limit, which implies the possibility of further pulse compression through an accurate high-order chirp compensation.
The output power of the multicore PCF amplifier measured as a function of the pump power is shown in Fig. 5 . The slope efficiency curve bends at a pump power of about 25 W, where the in-phase supermode starts to dominate in the amplifier output. For the in-phase supermode amplification regime, the slope efficiency is 60.5%. The maximum average power achieved in our experiments is 24 W. The maximum average power after compression is 17:1 W, which corresponds to a peak power of about 150 MW for 110 fs light pulses. The seven-core PCF amplifier used in this work does not provide an immediate increase in the active mode area with respect to the available single-core LMA PCFs [19] . However, experiments presented here suggest a promising strategy for scaling up the output power of all-fiber sources of ultrashort pulses. A phase-locked amplification of femtosecond pulses in fibers integrating larger numbers of evanescent-field-coupled cores should eventually help outperform the existing LMA-PCF-based laser-amplifier systems.
In conclusion, we demonstrate a novel dual-stage fiberlaser amplifier based on an LMA-PCF preamplifier and a seven-core PCF main amplifier. This fiber system is shown to enable the generation of 110 fs pulses with a peak power up to 150 MW through a phase-locked amplification of the 0:7 W , 1 MHz, 1:9 ps preamplifier output in the multicore PCF of the main amplifier. The level of peak powers of ultrashort laser pulses achieved in our experiments shows that multicore PCF amplifiers make fiberlaser technologies compatible with the requirements of nonlinear imaging, micromachining, and laser surgery. 
